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INTRODUCTION
strong evidence that HCoV-229E originated from bat viruses circulating in Africa (5), 79 underscoring the zoonotic potential of bat-borne CoVs from this continent. 80 One human coronavirus, HCoV-NL63, was first isolated in 2004 from the aspirate of 81 a 8-month-old boy suffering from pneumonia in the Netherlands (17) . While the clinical 82 significance of this virus is debated, it has a worldwide distribution and is known to infect 83 both the upper and lower respiratory tract (18) . Based on a phylogeny of the RNA-dependent 84 RNA polymerase (RdRp), HCoV-NL63 is related to another human virus had no close relatives identified in bats (16) . Although Huynh et al. (19) suggested that a 86 virus (ARCoV.2/2010/USA) isolated from the American tricolored bat (Perimyotis subflavus) 87 may share common ancestry with HCoV-NL63, the genetic distance between the two viruses 88 is large, and their close relationship has not been corroborated in other phylogenetic analyses 89 (16, 20) . Nevertheless, the successful passage of HCoV-NL63 in an immortalized bat cell 90 line suggests its potential association with bats (19). 91 As is well appreciated, recombination leads to rapid changes of genetic diversity in 92 RNA viruses (21) . CoVs represent a classic example of viruses with high frequencies of 93 homologous recombination through discontinuous RNA synthesis (22) . Indeed, under 94 experimental conditions, the recombination frequency can be as high as 25% for the entire 95 CoV genome (23) . Recombination in CoVs is also frequently reported under natural 96 conditions, including some emerging human pathogens such as 25) , CoV (11) (Table S1 ) in collaboration with the CDC GDD regional 116 country office in Kenya and National Museums of Kenya. The bats were captured using mist-117 nets, hand nets or manually. The protocol (2096FRAMULX-A3) was approved by the CDC 118 IACUC and by Kenya Wildlife Services. Upon capture, each bat was measured, sexed and 119 identified to species by a trained field biologist. Subsequently, fecal and oral swabs (if 120 possible) were collected in compliance with field protocol and were then transported on dry 121 ice from the field to -80°C storage before further processing. Phylogenetic analyses. This study generated a total of 240 CoV RdRP sequences (402 bp) 140 from Kenyan bats. These sequences were first aligned in MAFFT v7.013 (28), using amino 141 acid sequences as a guide for the nucleotide sequence alignment. Phylogenetic trees were 142 then inferred using the maximum likelihood (ML) method available in PhyML version 3.0 143 (29) assuming a general time-reversible (GTR) model with a discrete gamma distributed rate 144 variation among sites (Γ 4 ) and the SPR branch-swapping algorithm. To produce a more 145 condensed data set, we clustered the highly similar sequences from the same geographic 146 location and host species, and randomly chose one or two to represent each cluster. This 147 condensed data set was subsequently combined with 121 reference sequences representative 148 of the genetic diversity of alpha-and beta-CoVs on a global scale taken from GenBank. ML 149 phylogenetic trees of these final alignments were inferred using the same procedure and 150 substitution models as described above.
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Comparisons of viral genetic, geographic, and host genetic distance matrices. To 153 determine the relationship between viral genetic, geographic, and host genetic distances, we 154 compiled a data set containing the Kenyan CoV samples generated in this study. The genetic 155 distance matrices were produced from pairwise comparisons either in the form of uncorrected 156 percentage differences or calculated from the phylogenetic trees (patristic distance) using the Patristic v1.0 program (30) The geographic distances (Euclidean distance) were calculated 158 using the formula "distance = (acos((sin(latitude1) * sin(latitude2)) + (cos(latitude1) * 159 cos(latitude2) * cos(longitude2 -longitude1)))) * 6371", with spatial coordinates of the 160 samples derived from the geographic location information. 161 We used Mantel correlation analyses to test the extent of the correlation between 162 these matrices (31). Both simple Mantel's test and partial Mantel's test were performed, and the correlation was evaluated with 10000 permutations. To access which of the two factors -164 geographic or host genetic distance -best explained total variation in the virus genetic 165 distance matrices, we performed multiple linear regression on these distance matrices (32). 166 The statistical significance of each regression was evaluated by performing 10000 167 permutations. To examine whether the degree of virus genetic relatedness corresponded to 168 the scale of geographic distance or host relatedness, we generated Mantel correlograms. In 169 each correlogram, 10-12 distance classes were assigned following an equal-frequency 170 criterion: each class had similar number of pairwise comparisons. All statistical analyses 171 were performed using the Ecodist package implemented in R3.0.2 (33), and all statistical 172 results were considered significant at the P = 0.05 level.
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Full genome sequencing and sequence analyses. Five viruses representative of the full 175 diversity of the CoVs newly described here were selected for full genome sequencing: 176 BtKY229E-1, BtKY229E-8, BtKYNL63-9a, BtKYNL63-9b, and BtKYNL63-15. We first 177 sequenced a number of conserved regions throughout the genome using several semi-nested 178 or nested consensus degenerate RT-PCR amplicons. These regions were then bridged using 179 sequence-specific RT-PCR followed by Sanger sequencing (< 2 kb) or using the PacBio 180 platform (> 2 kb). The assembled consensus genome sequences from PacBio sequencing 181 were later confirmed by sequence-specific RT-PCR and Sanger sequencing (GenBank 182 accession numbers KY073744-KY073748). The 5' and 3' genome termini were not 183 determined due to the limited RNA remaining, and were derived with PCR primers based on 184 the conserved genome regions in alpha-CoVs. 185 For each complete genome sequence, potential ORFs were predicted based on the 186 conserved core sequence, 5′-CUAAAC-3′, with a minimum length of 66 amino acids. 187 Ribosomal frameshifts were identified based on the presence of the conserved slippery 188 on January 11, 2017 by UNIV OF CALIF SAN DIEGO http://jvi.asm.org/ Downloaded from sequence, "UUUAAAC". For phylogenetic analyses, the data set was first separated into six 189 ORFs, namely; ORF1a, ORF1b, Spike (S), Envelope (E), Membrane (M), and Nucleoprotein 190 (N) genes. The data set for each gene was translated into amino acid sequences and aligned 191 using MAFFT v7.013. Phylogenetic trees were then inferred using PhyML as described 192 above. Recombination events were first identified from the occurrence of incongruent 193 topologies in these initial phylogenies, and were then confirmed and characterized using (Figure 1 ). A total of 2,050 bats samples were screened for CoV RNA using a pan-203 coronavirus RT-PCR assay. We found an overall prevalence of 11.7% (240/2,050 bats) 204 (Table S1 ). This overall prevalence is in line with recent reports of CoVs in bats from 205 numerous locations including South Africa, Mexico, Philippines, Kenya, United Kingdom, 206 Japan, Italy, and Ghana (6, 14, 15, (35) (36) (37) (38) (39) (40) Host and spatial dynamics of bat CoVs in Kenya. We used Mantel's test to compare the 269 virus and host genetic distance matrices, as well as virus and geographic distance matrices. 270 Notably, the correlation values were positive and highly significant in both comparisons 271 (Table 1 ), suggesting that both host and geography have shaped the structure of virus genetic 272 diversity. This conclusion remained following partial Mantel analyses and multiple linear 273 regression analyses in which we tested the effect between two matrices while controlling for 274 the third (Tables 1 and 2) . Importantly, however, in both simple and partial Mantel analyses, 275 the virus genetic distance matrices had much higher correlation with host genetic distance 276 matrices than with geographic distance matrices (Table 1) , indicating that bat CoV diversity 277 is more structured by host than by geographic distance. 278 Next, we used Mantel autocorrelograms to examine the effect of (i) geographic 279 distance ( Figure 4A ) and (ii) host genetic distance on virus diversity ( Figure 4B ). Host 280 genetic distance decreased from highly significantly positive at short taxonomic distances to 281 highly significantly negative at long distances. Importantly, the crossing-over point was at a 282 host genetic distance of around 0.15-0.19, which marks the boundary of intra-and inter-283 genera host diversity ( Figure 4B ). However, no obvious clinal patterns in geographic distance 284 were observed within the Kenyan data set. 
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For comparison, we also included 21 genome sequences representative of the 304 diversity in the genus Alphacoronavirus. The phylogeny based on the ORF1b protein 305 alignment confirmed that NL63-like and 229E-like groups are monophyletic ( Figure 6 ). 306 Given that each group is associated with a specific bat genus, it is likely that the ORF1b among those more distantly related to HCoV-229E ( Figure 6 and Table 3 ). As for the NL63-like group, HCoV-NL63 was nested within the diversity of three lineages of Triaenops-314 associated CoVs, among which BtKYNL63-9a showed the closest relationship in all genome 315 regions with the exception of the S gene ( Figure 6 and Table 3 ). 316 Strikingly, the phylogeny of the S protein suggested an entirely different evolutionary 317 history for HCoV-NL63 compared to the rest of the genome ( Figure 6 ). Specifically, for all 318 the proteins with the exception of S, HCoV-NL63 clustered with the NL63-like group. 319 However, in the S protein, HCoV-NL63 was deeply nested within the 229E-like group, 320 associated exclusively with viruses from Hipposideros bats, and particularly similar to the 321 sequences BtKY229E-1 and BtKY229E-8 newly identified during this study ( Figure 6 ). Notably, we found that host species poses a greater influence on CoV diversity in bats 353 than the geographic distance, which can be explained by the ability of bats to fly (including 354 long-distance migrations typical for some species) and disperse their pathogens over vast 355 territories (42). A closer inspection of the Mantel correlogram suggests the presence of less 356 structured (homogenous, mantel statistic r>0), and highly structured (mantel statistic r<0) 357 diversity which, strikingly, corresponds to the division between intra-genera (10% ~ 20%) 358 and inter-genera (> 20%) host genetic distances ( Figure 4B ). This suggests that within-genus 359 virus transmissions occur significantly more frequently than between-genera transmissions, 360 which is consistent with the previous observations that phylogenetic clustering is less 361 constrained at the host species level than at the genus level (16, 43) . While it is commonly 362 accepted that host phylogeny constrains virus cross-species transmission to some extent (44), 363 on January 11, 2017 by UNIV OF CALIF SAN DIEGO http://jvi.asm.org/ Downloaded from the stronger demarcation at the genus level is of particular interest. In fact, bats of different 364 species, genera, and families frequently roost together (in caves, tree holes, and other 365 shelters), sometimes in dense aggregations, which provide abundant opportunity for 366 mechanical transmission of pathogens between host species. Therefore, our data suggests that 367 distinctions between bats at the genus level might mark a threshold where the differences in 368 cellular and immunological environment become a major challenge for a virus to switch hosts. 369 This, in turn, will lead to the pattern of 'preferential host switching' that has been observed in 370 a number of other viruses (45). that the spike protein is intimately involved in the interaction with the host immune system. 389 Importantly, our results also revealed that recombination has resulted in similar S 390 proteins in the two human viruses HCoV-NL63 and HCoV-229E, such that acquisition of a 391 229E-like S protein may have contributed to the emergence of NL63-like viruses in humans. 392 However, despite this similarity of S protein sequences, these two human viruses utilize 393 different receptors (ACE2 and aminopeptidase-N for HCoV-NL63 and HCoV-229E, 394 respectively) to enter human cells. Within the 229E-like group, the RBD of HCoV-NL63 is 395 more closely related to BtKY229E-8 than to HCoV-229E. The RBD of BtKY229E-8 exhibits 396 greater similarity with that of HCoV-NL63 (Figure 7) , and is therefore more likely to be the is worth noting that bats may not have directly transmitted the viruses to humans. Indeed, 414 HCoV-229E is more closely related to viruses circulating in camels than those in bats, 415 suggesting that camels may be intermediate hosts between bats and humans (12) 
